Following a bite from an infected tick, tick-borne flaviviruses cause encephalitis, meningitis and hemorrhagic fever in humans. Although these viruses spend most of their time in the tick, little is known regarding the virus-vector interactions. We developed a simple method for synchronously infecting Ixodes scapularis larvae with Langat virus (LGTV) by immersion in media containing the virus. This technique resulted in approximately 96% of ticks becoming infected.
Introduction
Viruses transmitted via the bite of an infected tick cause infections worldwide and can produce diseases with high mortality and morbidity. One such group of viruses is the tickborne flaviviruses which include Tick-borne encephalitis virus (TBEV), Omsk hemorrhagic fever virus (OHFV), Kyasanur forest disease virus (KFDV), Louping ill virus, Powassan virus and Langat virus (LGTV). Infection with these viruses can result in a range of clinical symptoms, from mild febrile forms to severe, sometimes fatal, meningoencephalitis and hemorrhagic fever. In addition, chronic infections associated with long-term neurological sequelae have also been described (Gritsun et al., 2003) . In spite of the distinct clinical syndromes, all of these viruses are closely related and the genetic basis for the differences in the pathogenicity is poorly understood. A possible connection between the arthropod vector species and pathogenicity has been proposed for the flaviviruses (Gaunt et al., 2001; Gritsun et al., 2003; Nuttall et al., 1991) . Thus, a deeper understanding of the interaction between these viruses and their tick vector is warranted.
Tick-borne flaviviruses are maintained in nature through a transmission cycle involving both a vertebrate host and a tick vector. The prominent vectors for this enzootic cycle are the ixodid ticks. Once these ticks emerge from the egg, they have three parasitic stages of life (larva, nymph and adult). During these stages the tick must engorge on a vertebrate host prior to advancing to the next phase in their life cycle (Nuttall and Labuda, 2003) . The ixodid tick may become infected with these viruses at any developmental stage, by either horizontal (between vertebrate host and tick), transstadial (across stages of life) or vertical (across tick generations) transmission, and the infection can be maintained throughout the tick's lifespan (Chernesky and McLean, 1969; Costero and Grayson, 1996; Nuttall and Labuda, 2003) . Since the tick's lifespan is measured in years and since the viruses spend the majority of their time in Virology 365 (2007) 410 -418 www.elsevier.com/locate/yviro the tick vector, it is estimated that 95% of the tick-borne flavivirus evolutionary lifespan is spent in ticks rather than in the vertebrate host (Nuttall et al., 1991; Nuttall and Labuda, 2003) . As a result, ticks have an enormous influence on the persistence of tick-borne flaviviruses in nature as well as on the genotype and possible phenotype of the virus.
Despite the importance of ticks as a vector for flavivirus, little is known regarding the virus-vector interactions important for pathogen replication in the tick and transmission of the virus to a vertebrate host. Technical limitations associated with the two fundamental methods that currently exist for infecting ticks in a laboratory setting have restricted these studies. One currently used method is the feeding of ticks on a viremic vertebrate host. Although this is a natural means of infecting ticks, this method is dependent on a virus that replicates in the vertebrate host and that reaches a sufficient level of viremia for transmission to a naive tick (Chernesky, 1969) . Consequently, this technique is not suitable for studying virus-vector interactions of attenuated virus strains or strains impaired for replication in the vertebrate host system. In addition, this method does not allow for studies involving synchronously infected ticks with a defined viral inoculum. The second method for infecting ticks is via parenteral inoculation by microinjection. This method bypasses the midgut barrier, which is known to be a critical determinant for vector competency in nature. Thus, this method does not represent a natural route of infection (Jones et al., 1989; Steele and Nuttall, 1989) . Furthermore, the fact that many of these viruses require high biocontainment at Biosafety Level (BSL)-3 or BSL-4 adds to the technical difficulties of working with these pathogens.
LGTV is a naturally attenuated flavivirus that can be safely worked with at BSL-2 and therefore is used as a model of the more virulent tick-borne flavivirus infections. Utilizing LGTV, we developed a simple technique of infecting ticks that circumvents the procedural restrictions present in the currently used methods. This new technique was adapted from an immersion procedure developed by Policastro and Schwan (2003) . Infection by this method resulted in the replication of LGTV within Ixodes scapularis larvae. In addition, ticks infected with LGTV by this method were competent to horizontally transmit LGTV to a mammalian host and to transstadially transmit LGTV to the nymphal stage. This method of synchronously infecting ticks by immersion will be a powerful tool to study interactions between tick-borne viruses, tick vectors and vertebrate hosts.
Results

Infection of I. scapularis larvae by immersion in LGTV
To perform detailed studies of virus-vector interactions, we developed a simple method that enabled us to synchronously infect large numbers of tick larvae with a tick-borne flavivirus. Since previous studies have suggested that I. scapularis ticks might be competent for LGTV (Lawrie et al., 2004; Varma and Smith, 1972; Xu et al., 2003) , we utilized a method developed for infecting I. scapularis larvae with Borrelia burgdorferi (Policastro and Schwan, 2003) . Following infection, no diffe-rences in mortality were observed between LGTV-infected and mock-infected groups of larvae at 28 days post immersion (dpim) indicating that infection with LGTV does not lead to reduced survival of the larvae (data not shown).
Characterization of LGTV infection in I. scapularis larvae
Infection and replication of LGTV in the tick larvae were evaluated by several methods. First, dissected midgut preparations were examined for the presence of viral antigens by immunofluorescence at 17 dpim. Viral antigen was observed throughout the midgut of the ticks immersed in media containing virus, but not in ticks immersed in media alone (Fig. 1 ). In addition, the LGTV antigen was distributed in the cytoplasm of the infected cells, which is the primary intracellular site of flavivirus replication. These results demonstrated that LGTV antigen was present in the appropriate target organ of tick larvae following infection by immersion.
To determine the efficacy of the immersion technique to infect ticks, individual ticks were analyzed for the presence of LGTV RNA. Using RT-PCR, we could readily detect LGTV RNA at 15 dpim (data not shown). Hence, this timepoint was selected to determine the efficiency of LGTV infection in ticks by immersion. Groups of tick larvae were immersed in defined concentrations of LGTV and eight to ten individual ticks from each group were examined for viral RNA by RT-PCR. As the Fig. 1 . Viral antigen expression in the midgut cells of larval ticks. Ticks were immersed in media alone (mock) or in media containing LGTV (infected). Midgut sections were stained for the presence of LGTV antigen (green). DAPI (blue) was used to counterstain the nuclei. concentration of virus increased from 10 5 to 10 7 pfu/ml, the percentage of ticks infected also increased, with 100% of the ticks infected following immersion at 10 7 pfu/ml (Table 1) . However, LGTV RNA was not detected in ticks following immersion in the lower concentrations of virus (10 2 , 10 3 and 10 4 pfu/ml). To further quantify the infection efficiency following immersion in 10 7 pfu/ml, we examined additional 65 larvae at 15 dpim. Infection was confirmed in 96% ±2 (mean ± SEM, n = 8 experiments) of the tick larvae (data not shown). These results demonstrated that the immersion protocol is an extremely efficient method of infecting I. scapularis larvae with LGTV.
Quantification of replication in LGTV-infected I. scapularis larvae
To examine virus replication, we analyzed synchronously infected tick larva for the amplification of LGTV RNA using real-time PCR. Since the LGTV-negative sense RNA strand, or complementary RNA is not a component of the virion, its presence is an obligatory marker for virus replication. Therefore, levels of RNA were determined using primers and probes specific for both the positive and the negative sense strands of LGTV RNA. Total RNA was isolated from groups of 10 larvae at 0, 3, 5, 10, and 15 dpim. Interestingly, some negative sense RNA was detected at 0 dpim. However, the virus stock, which was derived from the supernatant of infected cells, was found to contain the complementary RNA strand of LGTV (data not shown). This probably reflected negative sense strand RNA trapped in cellular debris from the lytic infection.
The changes in the positive and negative strands of LGTV RNA during infection of tick larvae are depicted in Fig. 2 . Both positive and negative sense LGTV RNA increased over the time course of infection. Importantly, the fact that the negative sense LGTV RNA increases is a strong indicator that LGTV replication is occurring in I. scapularis larvae after synchronous infection by immersion. This particular experiment was repeated with three separate sets of larvae and, although some variation in the relative fold-difference was noted, a consistent pattern of replication was observed. Specifically, two boosts occurred in virus replication following the 3 dpim and 10 dpim timepoints. This biphasic replication cycle in an arthropod vector may reflect an initial round of virus replication in the midgut with a subsequent round of replication in other secondary target organs (Foster and Jones, 1979) .
Horizontal transmission of LGTV to mice following synchronous infection of I. scapularis tick larvae
For the immersion protocol to faithfully recapitulate the natural transmission cycle of LGTV, infected larvae must be competent to transmit the virus to a vertebrate host. Therefore, infected or mock-infected ticks were allowed to feed on 3-weekold C57Bl/6 mice to engorgement. All mice exposed to the infected ticks had clear evidence of infection (Table 2) . Some mice in every group developed characteristics of neurological disease, and viral infection was confirmed by the detection of positive strand LGTV RNA in the brains of these mice. However, a number of mice from each group survived without apparent neurological disease. To verify that these mice had a subclinical infection, we sought evidence of LGTV infection by looking for LGTV RNA in the brains of the surviving mice and for the presence of LGTV-specific antibody in the sera. All mice that survived infection following infestation of infected ticks seroconverted with antibody titers of at least 800. Additionally,
LGTV RNA was detected in the brains of the surviving mice. Together, these results conclusively demonstrated that I. scapularis larvae infected by our immersion protocol are efficient at transmitting LGTV to 100% of our C57Bl/6 mouse model when the larvae feed to engorgement.
Transstadial transmission of LGTV following infection of larvae by immersion
Transstadial transmission is crucial for the maintenance of the tick-borne flaviviruses in nature. Thus, we wanted to determine if ticks infected by the immersion technique can maintain the virus infection from one stage to the next. Engorged larvae that had dropped off infested mice were collected and held for approximately 1 month until they molted into nymphs. Total Table 1 Infection efficiency of I. scapularis larvae with LGTV following immersion Virus concentration (pfu/ml) Percent infected (# infected/total) a 0 0 (0/10) 10 2 0 (0/9) 10 3 0 (0/10) 10 4 0 (0/10) 10 5 30 (3/10) 10 6 75 (6/8) 10 7 100 (8/8) a Infection was determined by the presence of LGTV RNA in the tick at 15 dpim.
Fig. 2.
LGTV replication in larvae following infection. Total RNA was isolated from groups of 10 ticks immersed in LGTV at 0, 3, 5, 10 and 15 dpim. Real-time PCR was used to quantitate the changes in the positive and negative sense strands of LGTV RNA. Data at each timepoint were normalized to I. scapularis 16 srRNA. The data obtained at 0 dpim were used as the reference point for determining the fold difference.
RNA was isolated from individual nymphs and the viral RNA was amplified by RT-PCR. After molting, 87 ± 7.5% (mean ± SEM, 70 ticks in 7 experiments) of the nymphs were positive for LGTV RNA. Since 96% ± 2 (mean ± SEM) of the larvae were infected by the immersion technique, this equates to a transstadial transmission rate of approximately 92% (data not shown). These results demonstrated that ticks infected with LGTV by the immersion method can efficiently maintain the virus through molting from the larval to the nymphal stage.
To further evaluate transstadial transmission of LGTV, nymphs were examined for the presence of viral antigen by immunofluorescence following molting from larvae.
LGTV antigen was readily detected in the hypodermis of the infected nymphs ( Fig. 3A) . Notably, viral antigen was not identified in this area of the tick prior to feeding. In addition to the hypodermis, LGTV was also detected in the salivary gland and the midgut of infected nymphs (Fig. 3) . Conversely, no viral antigen was detected in mock-infected nymphs. This widespread distribution of the virus in the above mentioned tissues subsequent to molting has been previously reported for ticks obtaining an infection via a bloodmeal (Nosek et al., 1986 ). These results not only confirm transstadial transmission of the virus, but also suggest that this method mimics the natural spread of the virus during molting.
Discussion
Unlike many arthropod hosts, the lifespan of ticks from the egg through to the adult can last several years. Since tick-borne flaviviruses can persist in ticks throughout all stages of life, there are ample opportunities for the genotype and possibly the phenotype of the virus to be altered in the invertebrate host (Nuttall et al., 1991) . As a result, understanding the interactions between the tick-borne flaviviruses and their tick vector is vital to developing in-depth concepts of viral pathogenesis and to devising strategies for control and prevention of the serious diseases that these viruses cause.
The technical limitations of the current methods used for infecting ticks restrict crucial studies of the virus-tick interactions. In order to study virus infection in ticks, we developed a novel method of synchronously infecting a large number of ticks with a defined virus stock by immersion. We demonstrated that the immersion technique leads to a high infection rate of I. scapularis larvae with LGTV and that viral replication ensues after the infection. Additionally, ticks infected by this method efficiently transmitted LGTV horizontally to a mouse model and transstadially to the nymph. For these reasons, the immersion technique will be an advantageous method for examining both the viral and tick determinants of replication, pathogenesis, and transmission.
The immersion technique utilizes the tick's natural ability of maintaining its water balance by active water uptake. This mechanism of water uptake in unfed ixodid ticks transpires through the oral cavity (Rudolph and Knulle, 1974) . Once imbibed through the orifice, the water is swallowed and proceeds to the gut (Kahl et al., 1990; Machin, 1979; Needham and Teel, 1986) . This suggests that when ticks are immersed in media containing the virus, the virus would be imbibed through the oral cavity, swallowed and would then travel to the midgut, representing a route of infection similar to that of a natural infection obtained from a bloodmeal. Since this mechanism of water uptake has been demonstrated for the different life stages of the ixodid tick, this method should work well with not only larvae but also with nymphs and adult ticks (Kahl et al., 1990) . We are currently examining the infection of I. scapularis nymphs with LGTV by the immersion technique.
Infecting ticks by feeding on a viremic vertebrate host imposes limitations that restrict studies involving the interactions between the virus and their tick vector. Exposing ticks to a viral infection by this method requires that the virus replicate in the host and attain a viremic titer that is sufficient to transmit the virus to a naive tick (Chernesky, 1969) . Consequently, viruses that are impaired for replication in a vertebrate host cannot be readily studied in the tick system. Additionally, the amplification of the viruses in the vertebrate host allows for selective pressures to be imposed on the virus and can lead to selection of a minor virus genotype or to viral mutations (Dzhivanian et al., 1988; Kaluzova et al., 1994; Nuttall et al., 1991) . Thus, the virus infecting the tick may differ from the initial inoculum in undefined ways after passage in the vertebrate host. Finally, when ticks feed on a vertebrate host, specific and non-specific host components (e.g., antibody and complement) are imbibed during the bloodmeal. These factors may have effects on the virus-vector interaction that are independent of the virus and difficult to control. Thus, by eliminating the need for an infected animal, the immersion technique offers several distinct advantages which will enable infection of ticks with an inoculum of a defined sequence, and will facilitate studies using attenuated strains. Analysis performed by Leonova (1997) identified a correlation between the severity of the disease and the tick species prevalent at that time. This study suggests that the different tick species could select for tick-borne flavivirus strains of different virulence. The mechanisms involved in selection of viruses by the ticks are not known. However, virus selection maybe due to disparities in viral replication caused by differences in replication efficiency or by altered virus distribution within the tick. These factors could influence the viral load being transmitted to the vertebrate host, thereby affecting the pathogenesis. By combining the immersion method of infecting ticks with techniques such as real-time PCR and in situ hybridization, replication efficiencies and dissemination of the different virus strains can be examined among the various tick species. Variations in viral pathogenicity also could be associated with transmission. Using the system described in this paper, transmission efficiencies of the virus from the tick vector to the mouse model could be easily examined. Sequencing and annotation of an ixodid tick genome are currently underway (Hill and Wikel, 2005) . As more information about the genome becomes available, the immersion technique may turn out to be a valuable system for examining interactions between viral and tick gene products that are important to both virus replication and transmission.
The highest infection efficiency was obtained when ticks were immersed in a virus stock containing 10 7 pfu/ml. One reason for the high titer requirement could be that ticks imbibe a very small quantity of media during the immersion protocol. Alternatively, the necessity for a high titer virus stock could reflect the vector efficiency of this particular tick species. Although a wide range of ixodid tick species can be infected with different members of the tick-borne flaviviruses (Chernesky and McLean, 1969; Costero and Grayson, 1996; Kozuch and Nosek, 1985; Nosek and Kozuch, 1985; Varma and Smith, 1972) , I. scapularis is not the natural vector for LGTV and therefore may not be an efficient vector for this virus. Precedence for this concept of different efficiencies may be found from studies with another tick-borne flavivirus. Comparison between the Dermacentor andersoni and the I. pacificus ticks demonstrated that infection of I. pacificus with Powassan virus required a 100-fold increase in the viremic titer of the vertebrate host (Chernesky, 1969) . The immersion technique now makes it possible to readily perform controlled comparative studies to examine the relative competence of individual tick species to infection with a specific virus.
Finally, we envision that the immersion technique may facilitate studies of other tick-borne viruses, such as Crimean-Congo hemorrhagic fever (CCHF) or Colorado tick fever. Furthermore, the high containment level at BSL-3 or BSL-4 required for some of these viruses like TBEV, CCHF, OMSK, and KFDV make experimental studies difficult. The current methods of infecting ticks by feeding on a viremic animal or by microinjection add another level of intricacy to the studies examining the interactions between the tick and the BSL-3 or BSL-4 viruses. Since the immersion technique does not require any special equipment and eliminates the need for both viremic animals and needles, this method will prove convenient for use in high containment working conditions.
Materials and methods
Cells, viruses, and animals
AVero cell-derived virus stock of Langat virus (LGTV) strain TP21 was provided by Dr. Alexander Pletnev (NIAID, NIH) (Pletnev and Men, 1998) . The virus was further propagated in Vero cells (European Collection of Cell Culture) or in mouse neuroblastoma cells (MNB109) using a multiplicity of infection (MOI) of 0.005 (Campbell and Pletnev, 2000; Pletnev and Men, 1998) . Virus titers were determined by plaque assay as previously described (Best et al., 2005) . ISE6 cells, a cell line derived from I. scapularis embryonated eggs (a gift from Dr. Kurtti, University of Minnesota) were cultured as previously described (Munderloh et al., 1994) . This tick cell line was infected with LGTV and used to create a standard curve for realtime PCR.
Adult C57Bl/6 mice were supplied by Jackson Laboratory and bred at Rocky Mountain Laboratory (RML). Twenty-to 21day-old C57Bl/6 mice were used for experiments in accordance with the RML Institutional Animal Care and Use Committee.
Synchronous infection of ticks
I. scapularis larvae were maintained at a relative humidity of 98% at room temperature in a 16-h:8-h light:dark cycle, and were used within 6 months of emergence. Approximately 60 larvae were collected in a sterile 1.5-ml screw cap centrifuge tube and pretreated by exposure to a reduced relative humidity (P. Policastro, personal communication) . Larvae were infected by immersion (Policastro and Schwan, 2003) , essentially as described. Specifically, the ticks were suspended in 0.5 ml of complete Dulbecco's modified eagle's medium (DMEM) containing 1 × 10 7 pfu/ml (unless indicated differently) of LGTV and incubated at 34°C for 45 min. The tubes were vortexed every 10 min to redistribute the ticks in the media. After incubation, the tubes were chilled on ice for 2 min and centrifuged at 200×g for 30 s. The ticks were washed two times with cold phosphate-buffered saline (PBS) by centrifugation. Larvae were wicked free of excess moisture using tapered strips of Whatman paper and were maintained at a relative humidity of 98% until used as described below.
Immunofluorescence of tick midgut
Larvae and nymphs were fixed in 100% acetone at room temperature for 24 h and then stored in 70% ethanol. The cuticle was separated using #5 Dumont forceps under a dissecting stereomicroscope. The nymphs were dehydrated in a series of ethanol and then cleared three times in 100% xylene. The nymphs were infiltrated and embedded with paraffin, and then sectioned at 5 μm.
To prepare midguts for immunofluorescence, the midguts of the larvae were removed following separation of the cuticle and suspended in Cryochrome, a colored mounting medium. In order to identify the placement of the midgut, the specimens were snap frozen and adhered to a prepared block of Cryomatrix, a white mounting medium. Frozen sections, cut at 6 μm, were mounted on slides and fixed with 100% acetone.
To prepare the slides for staining, sections of the whole tick were deparaffinized and rinsed with PBS. The frozen sections of the larval midgut were rinsed in distilled water to remove the mounting media. The sections were treated with a 3% hydrogen peroxide solution for 10 min to block endogenous peroxidase, rinsed with PBS, and then blocked in 5% normal goat serum in PBS for 20 min. The slides were rinsed with PBS and incubated with a polyclonal mouse antibody preparation that is reactive against the structural (E) and nonstructural (NS1, NS5) proteins of LGTV (hyperimmune mouse ascites fluid, clone Russian Spring Summer Encephalitis (RSSE) VR79; ATCC) at a 1:1000 dilution in PBS for 1 h at 37°C (Best et al., 2005) . Following a PBS wash, the secondary antibody (goat anti-mouse IgG conjugated with Alexa Fluor 488; Invitrogen) was applied at a 1:1000 dilution in PBS and incubated for 30 min at 37°C. The slides were rinsed in PBS and coverslips were mounted using ProLong Gold antifade with 4′,6-diamidino-2-phenylindole (DAPI; Invitrogen). To obtain images of the anatomical structures, the coverslips were removed following immunofluorescence and stained with hematoxylin and eosin. Images were captured using an Olympus BX51 microscope with an Olympus DP70 camera and Microsuite software.
Isolation of RNA
Total RNA from I. scapularis larvae or ISE6 cells was extracted using the RNeasy mini kit (Qiagen) (Schwaiger and Cassinotti, 2003) . Ticks were frozen in liquid nitrogen and then triturated with an RNAse-free plastic mortar and pestle (Fisher). The powder was resuspended in 250 μl of Buffer RLT. For the ISE6 cells, the infected cell pellet was resuspended in 350 μl of Buffer RLT. The ticks or cell lysates were homogenized by passing through a QIAshredder spin column (Qiagen).
To prepare a positive control for RT-PCR, viral RNA was isolated from 5.6 × 10 6 pfu of an MNB cell-derived virus stock using the QIAmp Viral RNA mini kit (Qiagen) following the manufacturer's instructions.
In order to examine the presence of LGTV RNA in mouse brains, C57Bl/6 mice were deeply anesthetized with isoflurane and exsanguinated by transcardial perfusion with 20 ml of PBS. The brain was removed and bisected along the sagittal suture. Half of the brain was stored in RNA Later (Invitrogen), an RNA stabilization reagent, until RNA extraction was performed. The brain was homogenized in 4 ml of Buffer RLT (Qiagen) using the Omni TH homogenizer with the soft tissue disposable tips (Omni International). Total RNA was isolated using the RNeasy midi kit (Qiagen) as per the manufacturer's instructions.
Amplification of RNA by RT-PCR
Viral RNA was detected using SuperScript III One-Step RT-PCR System with Platinum Taq DNA Polymerase (Invitrogen). The RNA was reversed transcribed at 55°C for 30 min. PCR conditions used were 40 cycles of denaturing at 94°C for 1 min, annealing at 55°C for 45 s (LGTV RNA) or at 43°C for 45 s (I. scapularis 16 s ribosomal RNA (rRNA)), and extension at 68°C for 1 min. The primers used in the reactions are listed in Table 3 .
Evaluation of virus replication by real-time PCR
RNA was DNAse treated for 1 h at 37°C and purified using the RNA cleanup protocol in the RNeasy mini kit (Qiagen). Ten-fold serial dilutions from 1:10 to 1:10,000 were performed on the RNA. Triplicate reactions were completed in a 10 μl volume using the One-Step reverse transcription-PCR master mix (Applied Biosystems), 500 nM of both the forward and reverse primer (Table 3) , 250 nM of the probe, and 1.4 μl of RNA from the serial dilutions. The primers and probes used for detecting the positive sense strand RNA of LGTV (LangatprM-EFor, LangatprM-ERev, and LangatprM-ETMp), the negative sense strand RNA of LGTV (LGTVnegstrandF, LGTVneg-strandR, and LGTVnegstrand1) and the I. scapularis 16 s rRNA (16sF, 16sR, and Tick16s) were designed using the Primer Express software version 2.0 (Applied Biosystems). RNA was analyzed with the ABI PRISM 7900 sequence detection system using the SDS2.2.2 software (Applied Biosystems). The relative standard curve method was used to quantify the amount of viral RNA (Applied Biosystems User Bulletin #2). For the development of the standard curves for LGTV and I. scapularis 16 s rRNA, ISE6 cells were seeded at 4 × 10 6 cells in a 25-cm plate (Corning) and were infected with LGTV at an MOI of 1. Total RNA was isolated after 4 days of infection as described above and 10-fold serial dilutions of the RNA were performed. To determine the fold difference, the amount of viral RNA was normalized to the I. scapularis 16 s rRNA at each corresponding timepoint and the data at 0 dpim were used as the reference for obtaining fold differences.
Transmission studies
To examine virus transmission, the neck and shoulders of 20to 21-day-old C57Bl/6 mice were shaved, and approximately 100 mock-infected or LGTV-infected larvae were applied at different times post immersion with a small paintbrush. Each mouse was then confined in a wire tube wrapped with muslin cloth and the ticks were allowed to attach. After the ticks attached, the mice were housed in a wire-bottomed cage that was placed over a pan of water and the ticks were allowed to feed to engorgement (approximately 3-6 days). Using a paintbrush, the ticks were collected from the pan of water following engorgement and detachment from the mouse.
To evaluate horizontal transmission of LGTV to mice following infestation with infected ticks, the mice were observed daily for signs of disease which include weight loss, ruffled fur, hunchback posture, loss of balance, and hindlimb paralysis (Holbrook et al., 2005; Seamer and Randles, 1967) . Animals demonstrating loss of balance or paralysis were considered terminal and were exsanguinated by transcardial perfusion with PBS and the brains were harvested for the detection of viral RNA as described above. Mice surviving 28 days post attachment of ticks were considered to have survived the infection. Serum was collected from these mice by retro-orbital bleed and the mice were then exsanguinated and processed as described above.
To examine transstadial transmission across the tick stages, the engorged larvae were housed at 98% relative humidity until molting to the nymph stage occurred approximately 1 month after engorgement. Total RNA was isolated from the nymphs for the detection of viral RNA as noted above for tick larvae.
Enzyme-linked immunosorbent assay (ELISA)
Horizontal transmission was further evaluated by examining the sera of mice surviving 28 days post placement of ticks for the presence of LGTV-specific antibodies. The viral antigen for ELISA was prepared as described by Saeed et al. (2001) . A 75-cm 2 flask of LGTV-infected Vero cells was harvested when 70% cytopathic effect was achieved, and the cells were resuspended in 10 ml of a 0.1 M borate-saline solution (pH 9.0) containing 1% Triton x-100. The cell lysate was sonicated in a cup probe at room temperature three times for 15 s each and then centrifuged at 1854×g for 20 min at 4°C to pellet cell debris. To confirm that this procedure inactivated the virus, the viral antigen was blind-passaged three times through Vero cells and then plaqued on Vero cells as noted above. No residual virus was detected.
ELISAs were performed by coating a 96-well microtiter ELISA plates overnight with 50 ng of LGTV antigen. The plates were washed with PBS containing 0.5% Tween-20 (PBS-T) and then blocked with a 5% dehydrated milk solution in PBS-T (Blotto) for 2 h at 37°C. Two-fold serial dilutions of the test sera were made in PBS-T from 1:50 to 1:1600 and 100 μl were added to the wells in triplicate. The plates were incubated for 2 h at 37°C and then washed 6 times with PBS-T. One hundred microliters of the secondary antibody (1:1000 dilution in PBS-T of HRP-conjugated rabbit anti-mouse; DAKO) was added to the wells and incubated at 37°C for 30 min. The plate was washed as before and the signal was developed with 100 μl of a 0.1 M NaOAc (pH = 5), 0.12 mg/ml 3,3′,5,5′-tetramethylbenzidine (TMB) and 0.015% hydrogen peroxide solution for 1 h at room temperature. The reaction was stopped using 50 μl of 2M sulfuric acid and the absorbance at 450 nm was measured using the MRX microplate reader (Dynatech Laboratories). Titers were determined to be the reciprocal of the highest dilution having an OD 450 absorbance that was at least 3-fold above the background absorbance reading.
